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ABSTRACT

Restraint system optimization is affected by the sensitivity of dummies to relative loading between the seatbelt and
airbag. Differences in design between the THOR and Hybrid 111 dummies may affect the mechanisms of interaction
with the various restraint system components, and the factors that influence compression measured in the dummy’s
chest. Previous studies have compared dummy responses in sled tests representing select specific configurations.
The goal of this study was to compare the mechanisms of chest compression in the THOR and Hybrid 111, and
sensitivity to loading by various restraint system components, in full vehicle crash tests.

The NHTSA full-vehicle crash test database was queried to find cases of matched tests with the THOR and the
Hybrid 111. Four cases of matched tests were found - one with a sub-compact hatchback, one with a compact sedan,
one with a mid-sized sedan, and one with a full-sized pickup. All were 56 km/h frontal-impact, rigid barrier tests,
with the dummy seated in the driver position. The vehicles were matched based on make, model, model base year,
and restraint system characteristics (e.g., observed belt force limit). Shoulder belt forces, chest deflection time
histories, and frame-by-frame videos were examined to restraint system interaction and factors influencing
compression measured in the chest.

In all four cases the shoulder belt force time histories were similar between the THOR and the Hybrid I11. In one
case the chest compression in the Hybrid I11 appeared to be predominantly dependent on force limiting in the
shoulder belt, while the THOR exhibited a greater sensitivity to combined loading by the belt and airbag. In two
cases the results were mixed, with both the dummies exhibiting some sensitivity to both belt and airbag loading
(though the airbag appeared to contribute to a greater degree with the THOR). The nature of chest compression
appeared most similar in a case of an apparent digressive force limiter, with both dummies exhibiting a plateau
associated with a transition to airbag loading with a drop belt force limit.

These results suggest that the relative sensitivity to belt and airbag loading can vary between the THOR and the
Hybrid 111, depending on the specific characteristics of the restraint system and vehicle being studied. The THOR is
more flexible, tends to experience greater forward excursion into the airbag, rides up higher on the airbag, and is
capable of measuring deflection in the upper chest where a majority of the airbag loading occurs in some cases. As a
result, in some cases the THOR appears to be more sensitive to loading by the airbag than the Hybrid I11. Sensitivity
to loading by the various restraint system components will likely affect optimization of the restraint systems,
affecting the perceived optimal apportionment of load between the belt and the airbag. These results suggest that the
two dummies may lead to different strategies for restraint system optimization in some cases, and that the relation of
restraint system interaction between the THOR and Hybrid 11l may vary in the fleet.
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INTRODUCTION

Restraint design relies on evaluation in full vehicle crash tests with anthropomorphic test devices (ATDs, dummies)
serving as surrogates for the vehicle occupants. These crash tests challenge the restraint system to provide a balance
between applying sufficient force to halt the motion of the occupant, while applying said restraining force in a
manner that minimizes risk of injury from loading by the restraints. The risk of injury is commonly assessed through
measurements taken from specific internal sensors of the dummy (e.g., force, acceleration, deformation), compared
to injury assessment reference values (IARVS) or injury risk functions.

One of the drivers of restraint system optimization for frontal impacts is chest compression (used to estimate chest
injury risk), measured by internal sensors arranged to observe the displacement of the ribcage relative to the spine
[1-5]. Dummy chest compression may be affected by factors such as position of the shoulder belt, force limiting in
the shoulder belt, forward excursion and forward pitch of the torso, and engagement with the airbag and steering
wheel [3,6]. Most formalized vehicle crashworthiness evaluation programs utilize dummy chest compression in their
frontal impact safety assessments in some manner [7]. Designing restraint systems to address the performance
requirements of those programs requires understanding the factors that contribute to chest compression in the
dummy, including the mechanisms of engagement with the restraint system components and how they affect
compression measurements in the chest.

The Hybrid 111 50" percentile male dummy (H3) is currently the primary dummy for frontal impact, belted driver
safety assessment for formalized crashworthiness test programs worldwide [8]. Recent efforts have considered a
shift towards evaluation with the THOR dummy [9,10]. There are several differences between the two dummies that
may result in differences in the manner in which they engage with restraint systems, potentially affecting the factors
that influence chest compression measurement. The THOR has a more flexible spine than the H3 [11], potentially
affecting the stiffness of coupling between the upper and lower body. This may affect forward excursion of the
torso, and the nature in which restraint of the lower body (e.g., via the lap belt) contributes to restraint of the upper
body [12-15]. The THOR chest is also more compliant [16], and less coupled [17] than the H3, resulting in more
chest compression for a given amount of concentrated load. The THOR includes a shoulder structure with a clavicle,
affecting the manner in which shoulder belt engagement translates into compression of the chest [18,19]. The THOR
also includes multi-point compression measurement on the chest (compared to single-point measurement in the H3),
potentially affecting the observation of chest compression under various patterns of loading [1,14]. Understanding
how the dummies will affect restraint system design requires understanding how their differences will affect
interactions with the restraint system components, and the factors that influence chest compression measurement (as
well as other injury prediction measures).

THOR and H3 responses have been compared previously in sled testing. For example, Kent et al. [1,3] and Petitjean
et al. [4] each compared THOR and H3 responses in frontal impact sled tests with various types of airbag and
seatbelt systems (e.g., comparing non-force limiting to force-limiting 3-point belts). Others have compared
responses in more simplified sled environments designed specifically for biofidelity evaluation under 3-point belt
loading [13]. More recently, Albert et al. [20,21] compared THOR and H3 responses to post mortem human
surrogates (PMHS) in sled tests with a modern belt and driver airbag system, and with a simulated representation of
a knee airbag. While these types of studies provide valuable information in controlled testing environments, they are
limited in that they evaluate a single specific scenario (or a small number of scenarios) from among the wide variety
of restraint designs and vehicle interior geometries that are present in the fleet. To understand how the dummies will
affect restraint design in real crashworthiness testing, comparison should not be limited to a small number of sled
tests, but should include evaluation among vehicles with different restraint and interior designs. This may be
accomplished by comparing responses in full-vehicle crash tests utilizing the THOR and H3 dummies.

The goal of this study was to compare restraint interactions and mechanisms of chest compression between the
THOR and Hybrid 111 in matched full vehicle crash tests. This was accomplished through a detailed examination of
publicly-available frontal crash tests from the NHTSA Vehicle Test Database. Outcomes of interest included chest
compression measured by the dummies, and their relation to engagement by various components of the vehicle’s
restraint system.
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METHODS

NHTSA’s publicly-available crash test database was first queried for full vehicle crash tests that included the THOR
50™ percentile male crash test dummy as either the driver or the right front passenger. At the time of the search this
returned 122 crash tests with the THOR dummy, 116 of which were oblique moving deformable barrier tests and six
of which were NCAP-style rigid full frontal barrier tests. These were then cross-referenced with a search for tests
with the Hybrid 111 50™ percentile male dummy, seeking to match on test condition, seating position (e.g., driver vs.
passenger), and vehicle make, model, and model base year. As this required matching based on vehicle information,
cases that did not include such information were excluded. This cross-reference returned just five cases of tests with
the Hybrid 111 that potentially matched tests with the THOR dummy, all of which were 56 km/h NCAP-style rigid
frontal barrier tests. Data from each of the potential matches were then qualitatively examined to ensure that the
vehicle responses (via the vehicle acceleration pulse) and restraint system design (via the upper shoulder belt force
time history) were comparable. This resulted in exclusion of one of the potential matches, based on differences in
the shoulder belt force limit (and thus potentially differences in restraint design version) between the Hybrid Il and
THOR tests.

Thus, at the time of the query and evaluation there were four cases of vehicles with matched crash tests with both
the Hybrid 111 and THOR 50" percentile male dummies (publicly available from NHTSA). One was a sub-compact
hatchback, one was a compact sedan, one a mid-sized sedan, and one a full-sized pickup (Table 1). Each of these
included the THOR and Hybrid Il in the driver position.

These tests were each examined to observe and compare the restraint interaction factors that contributed to the chest
compression measured in the dummies. This included examining the time history of chest compression compared to
shoulder belt force, cross-referenced with the high-speed video to identify the engagement with the restraint
components at various time points of interest. The THOR is capable of measuring compression at four locations on
the chest (upper right and left, lower right and left), compared to one location for the Hybrid 111 (mid-sternum). The
time history of maximum chest compression measured with the THOR (of the four possible measurement locations)
was compared to the mid-sternum compression measured with the Hybrid I11. Focus was placed not necessarily on
comparing the magnitude of chest compression, but instead on comparing the shape of the time history of chest
compression and how it relates to the timing of engagement with the restraint system components. Kinematics of the
dummies relative to the restraint system components were compared via examination of the high-speed video to
elucidate any differences in restraint engagement and mechanisms of chest compression.

Table 1.
Matrix of matched THOR and Hybrid 111 tests selected from the NHTSA crash test database*.
Model Dummy NHTSA | Real Speed
Make, Model Type Year (driver) Test No. (kph) Notes
Honda Fit Subcompact 2015 HIll 9033 56.55 _
hatchback 2015 THOR 9337 56.27
2014 HIll 8539 56.39
Mazda 3 Compact sedan 2015 THOR 9336 56.61 --
Chevrolet Mid-sized sedan 2015 THOR 9332 56.63 Includes Knee
Malibu 2016 HIlI 7856 56.30 Airbag
Full-sized 2015 HIll 9097 56.40
Ford F-150 pickup 2015 THOR 9335 56.15 -

* All full-width rigid frontal barrier tests. Matched tests checked for common base year.
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Figure 1: Video stills, chest compression, and shoulder belt force in the subcompact hatchback comparing the
THOR to the Hybrid I11. 56 km/h frontal rigid barrier. Chest compression is shown at the peak location for THOR
(upper right) and the sternum slider for H3. Pink dashed line - time shown in the video captures.
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RESULTS

In all four cases, the peak chest compression in the THOR occurred at the upper right (inboard) measurement
location. Figure 1 shows the chest compression and upper shoulder belt force time histories for one pair of matched
crash tests (subcompact hatchback), along with high-speed video images at particular timepoints of interest. At
approximately 13 ms both dummies begin to move forward and engage the shoulder belt. At 25 ms the airbag has
begun to deploy, and force has begun to build in the shoulder belt. At approximately 44 ms the dummies have
moved forward enough to begin to engage with the airbag. At this point in time, the belt force has also risen to the
point at which the belt force limited begins to yield. As the belt force plateaus the chest compression in the Hybrid
I11 also plateaus, with minimal increase as the dummy moves forward into the airbag. In contrast, the chest
compression in the THOR continues to increase as the dummy moves forward into the airbag. In both cases the peak
chest compression occurs at the time of peak forward excursion, however the increase in chest compression resulting
from forward motion into the airbag was greater with the THOR than the Hybrid I11.

Figure 2 shows expanded views of the high speed video images at the approximate time of peak chest compression
(90 ms) from the tests discussed above. The approximate locations of peak chest compression measurement are also
shown for illustration (upper right for the THOR, compared to the mid-sternum measurement site for the Hybrid I11).
As can be seen in these images, the THOR appears to ride up higher on the airbag than the Hybrid 111 (note the
location of the top of the top of the head relative to the top edge of the airbag; the location of the shoulders on the
airbag; and the angle of the shoulder belt as it leaves the shoulder). This, in combination with the higher
measurement location afforded by the upper chest IR-TRACCS, may place the measurement site of peak
compression in a position where it can be affected more by engagement with the airbag compared to the Hybrid III.

9033 Hybrid 11l

O

Peak Chest

Compressioﬁ l 4
| <

compression measurement in the THOR, compared to the Hybrid I11.

Figure 3 shows the chest compression and belt force time histories for two of the other pairs of matched tests (the
compact sedan and the mid-sized sedan), as well as high speed video stills at the approximate time of peak chest
compression measured in the THOR. As with the tests above, the chest compression measured in the THOR
continues to rise after the belt force limiter yields, increasing as the dummy moves forward into the airbag. The
chest compression in the Hybrid 111 also continues to increase after the time at which the belt force limiter begins to
yield, but plateaus at a time prior to when the peak chest compression was observed with the THOR. Though the
video views are not as directly as comparable as with the test above, it appears that the THOR rides up higher on the
airbag than the Hybrid 111 in these tests as well (for example, based on the height of the shoulders relative to the
airbag at the time of peak chest compression).
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Figure 3: Chest compression, shoulder belt force, and video stills at the time of peak chest compression in the
compact and mid-sized sedans. 56 km/h frontal rigid barrier. Chest compression is shown at the peak location for
THOR (upper right) and the sternum slider for H3. Pink dashed line - time shown in the video captures.

Figure 4 shows the results for the full-sized pickup, with video stills from two timepoints of interest. Unlike the
other tests, in this case the THOR chest compression exhibits a plateau similar in nature to that observed with the
Hybrid 111. This plateauing response occurs in conjunction with a drop in upper shoulder belt force from what
appears to be a digressive force limiter. As can be seen from the video stills, the drop in shoulder belt force occurs
approximately at the time at which the chest begins to engage with the airbag. There is a brief dip in chest
compression in the THOR coinciding with the drop in belt force. This may be attributable to a brief offloading of the
chest as the belt force drops, transitioning to increased loading by the airbag as the dummy moves forward. This

plateauing behavior is also observed in the Hybrid III.

Forman 6



=)

5000

E —-v9335 Thor =S
E o
= —-vo087 Hill g 2000
5 1
‘@ 0 : -
73 —_— =
15 ©
a m |
£ 5 30004 : {
Q ©
O 101 k=
b7 =}
@ =
2 W 2000
o
204
1000
304
0 N
time [s ime [s|
40 ; + t I5] -1000 + ]
005 041 0.15 02 02 0025 00510075 0.1 0125 015
10 = 5000
T —v9335 Thor = !
L5 !
E —vado7 Hill S o ‘
s o w |
7] —] © |
o o
=3 5 30004 !
E K] |
8 -10+4 - =1 w
o |
— =
D \\/ & 2000 I
G
-204
1000
'
a0t ol '
time [s; ! ime [s
-40 ! Il -1000 + [5]
005  op 015 02 02 0025 005 0075 Off 0125 015

Figure 4: Chest compression, shoulder belt force, and video stills for the full-sized pickup. 56 km/h frontal rigid
barrier. Chest compression is shown at the peak location for THOR (upper right) and the sternum slider for H3.
Pink dashed line - time shown in the video captures - showing the time at which the secondary digressive force
limits engages, followed by the time of peak forward excursion.

DISCUSSION

These results suggest that in full-vehicle crash tests, the THOR dummy may exhibit sensitivity to combined belt and
airbag loading in a manner that is different than the Hybrid I11. The differences in sensitivity to airbag loading
appear to vary among the fleet, likely dependent on factors such as proximity to the airbag, shape of the airbag, and
characteristics of the belt force limiter.

In the case of the subcompact sedan shown here, the chest compression observed in the Hybrid I11 appears to be
almost entirely dependent on the belt force limiter, exhibiting a distinct plateau in chest compression following the
yielding of the belt force limiter. In contrast, with the THOR the chest compression continues to increase as the
dummy moves into the airbag after the force limiter yields. In the cases of the compact sedan and the mid-sized
sedan, the sensitivity appears airbag loading more mixed — the Hybrid Il appears to exhibit some increase in chest
compression after the force limiter yields, however this is still abbreviated compared to what was observed in the
THOR. The THOR and the Hybrid 11l responses appear to be most similar (in nature) in the case of the full-sized
pickup truck with a digressive force limiter. In that case it appears that as the belt force limit drops, engagement with
the airbag increases, resulting in a net plateau in chest compression with both dummies.

The differences observed in the contribution of airbag loading to chest compression are not necessarily reflective of
differences in sensitivity to airbag loading itself (though that may also be a factor). Instead, this likely represents the
combined effects of multiple differences in the construction and response of the dummies that culminates in a
difference in how the dummy engages the airbag. With its two flex joints, the spine of the THOR tends to be more
flexible than the spine of the Hybrid 111 [11,13-15]. The chest of the THOR is also more compliant and less
structurally-coupled than the Hybrid I11 [17], and the shoulder allows for degrees-of-freedom not present in the
Hybrid 111 [15]. With these factors combined, the THOR tends to exhibit greater forward excursion compared to the
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Hybrid I11. In the crash tests examined here, this resulted in the THOR moving forward and riding up on the airbag
higher than the Hybrid I11, resulting in engagement with the airbag around the region of the upper chest compression
measurement locations. Thus, a chain of multiple differences in the design and response of the dummies manifest as
context-specific differences in engagement with the restraint system, and differences in sensitivity to loading by the
various restraint system components.

The relative sensitivity to belt and airbag loading likely has a direct effect on restraint system optimization. In cases
where the Hybrid 111 response is dominated by sensitivity to the belt force limit, the dummy may suggest that the
optimal design would be one where the belt force limit is very low [22]. In contrast, in cases where both the belt and
airbag loading contribute comparably to chest compression (such as the THOR in the sub-compact), there likely
exists an optimal belt force limit where chest compression is minimized by balancing engagement contributions
from the belt and the airbag. Thus, in cases where the sensitivity to loading by the various restraint system
components is different between the two dummies, the Hybrid 111 and the THOR may result in different
optimization strategies when designing restraints for that vehicle.

The observation that the relative belt/airbag sensitivity is different across vehicles suggests that it will be difficult to
infer if (and how) a transition to THOR would affect systematic trends in restraint optimization and design
philosophy. The implications of using one dummy over the other will likely be dependent on the specific
characteristics of the vehicle and the restraint systems being studied, with limitations in generalizability.

These results also highlight the importance of evaluating the biofidelity and injury prediction ability of dummies
from the context of sensitivity to changes in restraint system design. Dummy biofidelity is most often evaluated by
comparing against reference data (e.g., tests with post-mortem human surrogates, PMHS) in a few select testing
conditions. The dummy responses in a particular test mode are typically compared to reference results in that test
mode, and judged as acceptable or not. This has been codified in recent years by the advent of objective ratings
schemes that can aggregate multiple individual test mode comparisons into a single biofidelity score [23-25].

To be useful as a tool to guide restraint design and optimization, however, a dummy must be able to accurately
predict how a change in loading condition will affect changes in engagement and injury risk for a human occupant.
Existing objective ratings schemes lack a means to incorporate sensitivity to changes in loading condition, and a
dummy’s sensitivity to changes in restraint is rarely considered in biofidelity evaluations [3,26]. These results
suggest that in some cases the Hybrid 111 and the THOR exhibit differences in engagement with restraint system
components that may result in differences in sensitivity to changes in restraint system design. It is currently
unknown which more accurately reflects the sensitivity that would be exhibited by a human occupant. Evaluating
dummy biofidelity from the standpoint of sensitivity to changes in loading requires substantially more data than is
typically available from PMHS-based experimental datasets. Instead, such an evaluation may require novel means to
generate reference targets spanning a wide range of loading conditions using parametric human body modeling,
anchored with a select set of physical experiments to spot-check the accuracy of the resulting response surface.

CONCLUSIONS

This study sought to compare factors that influence chest compression between the THOR and Hybrid 11 dummies
in matched full vehicle tests publicly available in NHTSA’s Vehicle Crash Test database. Four sets of matched tests
were found, and examined for chest compression timing and the relation to engagement with the various
components of the restraint system. The observations may be summarized as follows:

e Inat least one case, the chest compression in the Hybrid 111 appeared to be related to predominantly to
loading by the shoulder belt, with chest compression plateauing in-phase with yielding of the shoulder belt
force limiter. In contrast, the chest compression in the THOR appeared to be affected by a combination of
loading by the belt and the airbag, with an increase in chest compression as the dummy moved forward into
the airbag. This is likely due to the combined effects of differences in shape and compliance of the shoulder
and chest, differences in chest compression measurement location, and differences in the flexibility of the
spine (allowing the THOR to move forward, and ride up onto the airbag to a greater degree than the Hybrid
I11 in this case).
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e In other cases, the relative sensitivity appeared more mixed, with both dummies exhibiting some chest
compression related to both belt and airbag loading. However, in these cases the airbag-related chest
compression in the Hybrid 111 still appeared abbreviated compared to the THOR. The Hybrid 111 chest
compression exhibited a plateauing behavior at some time after belt force limiter yielding, while the THOR
chest compression continued to build towards a peak occurring near the time of maximum forward
excursion.

e The two dummies exhibited the most similar phasing of chest compression in a case of a vehicle with an
apparent digressive belt force limiter. In both dummies the chest compression remained steady as the
dummy moved forward into the airbag, after the drop in belt force associated with the digressive limiter.

These results suggest that the mechanisms of chest compression in the two dummies, and the relative sensitivity of
the two dummies to differences in restraint design, may be variable dependent on the specific characteristics of the
vehicles and restraint systems being evaluated. Thus, in some cases optimized restraint designs may be different for
the two dummies, dependent on the specific characteristics of the vehicle and the restraints. These results also
highlight the importance of including sensitivity evaluation in biofidelity assessment, evaluating a dummy’s (or
human body model’s) ability to replicate sensitivity to changes in restraint system interaction in a manner reflective
of what would occur in a real occupant.

ACKNOWLEDGEMENTS
This work was supported in part by a grant from the Partnership for Dummy Technology and Biomechanics. The
opinions presented here are those solely of the authors.

REFERENCES
[1] Kent, RW, Shaw, CG, Lessley, D, Crandall, JR. (2003) Comparison of Belted Hybrid I1l, Thor, and Cadaver
Thoracic Responses in Oblique Frontal and Full Frontal Sled Tests. SAE Transactions: Journal of Passenger
Cars - Mechanical Systems, 112(2003-01-0160): 71-84.

[2] Kent, RW, Patrie, J, Benson, N. (2003) The Hybrid I1l Dummy as a Discriminator of Injurious and Non-
Injurious Restraint Loading. Annual Proceedings/Association for the Advancement of Automotive Medicine
(AAAM), 47: 51-75.

[3] Kent, RW, Lessley, DJ, Shaw, CG. (2003) The Utility of Hybrid 111 and THOR Chest Deflection for
Discriminating between Standard and Force-Limiting Belt Systems. Stapp Car Crash Journal, 47(2003-22-
0013): 267-297.

[4] Petitjean A; Lebarbe M; Potier P; Trosseille X; Lassau JP; (2002) Laboratory Reconstructions of Real World
Frontal Crash Configurations Using the Hybrid 111 and THOR Dummies and PMHS. Stapp Car Crash Journal,
46(2002-22-0002): 27-54.

[5] Rangarajan N; Shams T; McDonald J; White R; (1998) Response of THOR in Frontal Sled Testing in Different

Restraint Conditions. Proceedings of the International Research Council on the Biomechanics of Impact
(IRCOBI). 513-526. Goteborg, Sweden, September 16-18.

[6] Butcher, JT, Shaw, CG, Bass, CR, Kent, RW. (2001) Displacement Measurements in the Hybrid 111 Chest. SAE
International Journal of Passenger Cars - Mechanical Systems, 110(2001-01-0118): 26-31.

[7] Prasad, P. (2015) Injury criteria and motor vehicle regulations. In Accidental Injury — Biomechanics and
Prevention, 3rd Edition. Ed. Yoganandan, N., Nahum, A.M., Melvin, J.W.. Springer, New York.

[8] Mertz, H.J., Irwin, A.L. (2015) Anthropomorphic test devices and injury risk assessments. In Accidental Injury
— Biomechanics and Prevention, 3rd Edition. Ed. Yoganandan, N., Nahum, A.M., Melvin, J.W.. Springer, New
York.

[9] Saunders J; Parent D; Ames E; (2015) NHTSA Oblique Crash Test Results: Vehicle Performance and Occupant
Injury Risk Assessment in Vehicles with Small Overlap Countermeasures. International Technical Conference
on the Enhanced Safety of Vehicles (ESV). 24. Goteborg, Sweden, June 8-11.

Forman 9



[10] Sander, V., Ellway, J., van Ratingen, M. (2017) Euro NCAP frontal impact working group report. Proc.
Conference on the Enhanced Safety of Vehicles (ESV), Paper No. 17-0205.

[11] White RPJ; Rangarajan N; Haffner MP; (1996) Development of the THOR advanced frontal crash test
dummy. SAFE Association Annual Symposium, 122-135.

[12] Shaw, CG, Crandall, JR, Butcher, J. (2002) Comparative Evaluation of the THOR Advanced Frontal Crash
Test Dummy. International Journal of Crashworthiness, 7(3): 239-253.

[13] Shaw, CG, Lessley, DJ, Ash, JH, Crandall, JR, Parent, DP, (2013) Response Comparison for the Hybrid I11,
THOR Mod Kit with SD-3 Shoulder, and PMHS in a Simulated Frontal Crash. International Technical
Conference on the Enhanced Safety of Vehicles (ESV). Paper 13-0130. 23. Seoul, South Korea, May 27-30.

[14] Rangarajan N; Fournier E; Dalmotas D; Rhule D; Pritz H; Eppinger R; Haffner MP; Fullerton J; Beach D;
Shams T; White R; (1998) Design and Performance of the THOR Advanced Frontal Crash Test Dummy
Thorax and Abdomen Assemblies. International Technical Conference on the Enhanced Safety of Vehicles
(ESV). 16. Windsor, Ontario, May 31-June 4.

[15] Tornvall, F, K Holmgvist, J Davidsson, M Svensson, J Gugler, H Steffan, TU-Graz, Y Haland, (2008)
Evaluation of Dummy Shoulder Kinematics in Oblique Frontal Collisions. Proceedings of the International
Research Council on the Biomechanics of Impact (IRCOBI). 195-210. Bern, Switzerland, September 17-19.

[16] Parent D;Craig M;Moorhouse K; (2017) Biofidelity Evaluation of the THOR and Hybrid 111 50(th) Percentile
Male Frontal Impact Anthropomorphic Test Devices. Stapp Car Crash Journal, 61: 227-276.

[17] Shaw, CG, Lessley, DJ, Kent, RW, Crandall, JR. (2005) Dummy Torso Response to Anterior Quasi-Static
Loading. International Technical Conference on the Enhanced Safety of Vehicles (ESV). Paper 05-0371-W.
19. Washington, DC, June 6-9.

[18] Rouhana SW; Bedewi PG; Kankanala SV; Prasad P; Zwolinski JJ; Meduvsky AG; Rupp JD; Jeffreys TA,
Schneider LW; (2003) Biomechanics of 4-Point Seat Belt Systems in Frontal Impacts. Stapp Car Crash
Journal, 47(2003-22-0017): 367-399.

[19] Forman, JL, Kent, RW, Ali, T, Crandall, JR, Bostrom, O, Haland, Y. (2005) Biomechanical Considerations for
the Optimization of an Advanced Restraint System: Assessing the Benefit of a Second Shoulder Belt.
Proceedings of the International Research Council on the Biomechanics of Impact (IRCOBI). 337-354. Prague,
Czech Republic, September 20-22.

[20] Albert DL;Beeman SM;Kemper AR; (2018) Occupant kinematics of the Hybrid 111, THOR-M, and
postmortem human surrogates under various restraint conditions in full-scale frontal sled tests. Traffic Injury
Prevention, 19: S50-S58.

[21] Albert, D. L., Beeman, S. M., & Kemper, A. R. (2018). Assessment of Thoracic Response and Injury Risk
Using the Hybrid I1l, THOR-M, and Post-Mortem Human Surrogates under Various Restraint Conditions in
Full-Scale Frontal Sled Tests. Stapp car crash journal, 62, 1-65.

[22] Mertz, H, Williamson, J, Vander Lugt, D. (1995) The Effect of Limiting Shoulder Belt Load with Air Bag
Restraint. SAE International Congress and Exposition. Paper 950886. Detroit, MI.

[23] Gehre, C., Gades, H. and Wernicke, P. (2009) Objective rating of signals using test and simulation responses.
21st International Technical Conference on the Enhanced Safety of Vehicles, Stuttgart, Germany.

[24] Rhule H, Donnelly B, Moorhouse K, Kang Y; (2013) A Methodology for Generating Objective Targets for
Quantitatively Assessing the Biofidelity of Crash Test Dummies. Paper 13-0138, International Technical
Conference on the Enhanced Safety of Vehicles (ESV), 23. Seoul, Korea.

[25] Rhule H, Maltese MR, Donnelly BR, Eppinger RH, Brunner JK, Bolte JH; (2002) Development of a New
Biofidelity Ranking System for Anthropomorphic Devices. Stapp Car Crash Journal, 46: 477-512.

[26] Perez-Rapela, D., Markusic, C., Whitcomb, B., Pipkorn, B., Forman, J.L., Donlon, J.-P., Montesinos Acosta,

S., Crandall, J.R. (2018) Comparison of WorldSID to PMHS in far-side impact. Proc. International Research
Council on the Biomechanics of Impact.

Forman 10



